To clarify the relationship between calcium metabolism and free radical damage during the reperfu sion period following ischemia, we investigated the effect of superoxide dismutase (SOD) on changes in cytosolic free calcium, cortical blood flow, and histologic changes following focal cerebral ischemia and reperfusion in 12 cats. Using indo-I, a fluorescent intracellular Ca2+ indi cator, we simultaneously measured changes in the Ca2+ signal ratio (400:500 nm), NADH signal (464 nm), and reflectance (340 nm) during ultraviolet excitation (340 nm) directly from the cortex in vivo. The middle cerebral ar tery (MCA) was occluded for I h; only cats in which the EEG amplitude was depressed to < 10% of control during the occlusion were entered into the study. Starting 2 min prior to release of the occlusion and continuing for 4 min, SOD (10,000 U/kg) was slowly infused in six cats, while in six cats, the vehicle only was infused. During MCA oc-
clusion, the Ca2+ signal ratio increased significantly in both groups with no significant difference between the groups. During reperfusion, the Ca2 + signal ratio re mained at a high level in the vehicle-treated group, while in the SOD-treated group, the Ca2 + signal ratio de creased. There was a statistically significant difference between the two groups at 10, 20, and 30 min after reper fusion (p < 0.01). The histologically damaged area in the SOD-treated group was significantly smaller than that in the vehicle-treated group (p < 0.01). These data suggest that the his to protective action of SOD may be due to its ability to attenuate increases in intracellular calcium dur ing the recirculation period following focal cerebral is chemia. Key Words: Calcium-Cerebral ischemia-Free radical-Indo-I-Reperfusion injury-Superoxide dis mutase.
ical production occurs as a by-product of hypoxan thine and arachidonate metabolism (Gaudet and Levine, 1979; McCord, 1985) . To evaluate the role of free radical-mediated damage in ischemia, a number of studies examining treatment with oxygen free radical scavengers have been undertaken and have demonstrated either a beneficial effect (Lim et al., 1986; Cerchiari et aI., 1987; Meyer et aI., 1987; Liu et aI., 1989) or the lack of a beneficial effect (Forsman et aI., 1988) . Liu et ai. (1989) , for exam ple, found that the administration of exogenous su peroxide dismutase (SOD) attenuated the infarct volume in rat following middle cerebral artery (MCA) occlusion.
Recently, attention has been focused on the pos sible role of calcium in mediating irreversible cell damage during ischemia and reperfusion (Siesjo et aI., 1989 ). An increase in the cytosolic free calcium ([Ca2+]J triggers numerous Ca2+ -dependent enzy-matic processes as well as superoxide radical reac tions, especially following reperfusion, leading to irreversible cellular injury. We have recently ob tained data in a cat focal cerebral ischemia model indicating that the level of cortical [Ca2+]i increases in severe stroke and that the subsequent alterations of [Ca2+]i during reperfusion are closely related to the degree of EEG recovery (U ematsu et aI. , 1988) . These data were obtained using a fluorometric tech nique that permits the time course of changes of [Ca2+]i to be assessed in vivo along with changes in NAD/NADH redox state and cerebral hemodynam ICS. To clarify the relationship between calcium me tabolism and free radical damage during the reper fusion period following ischemia, the present study was focused on the effects of SOD on alterations of [Ca2+]i' NAD/NADH redox state, local CBF (LCBF), and focal histologic changes in a cat MCA occlusion and reperfusion model.
MATERIALS AND METHODS

Animal preparation
The details of the surgical preparation have been de scribed in detail previously (Uematsu et aI., 1988) . In brief, adult male cats (2.1-3.5 kg) fasted 24 h prior to surgery were anesthetized by halothane inhalation at in duction and maintenance doses of 5.0 and 1.0%, respec tively. Following a tracheostomy the animals were placed on a mechanical ventilator (model 622; Harvard Appara tus, Millis, MA, U.S.A.) and both femoral arteries and one femoral vein were catheterized for monitoring arterial blood pressure, for analysis of blood gases and blood glu cose concentration, and for administration of drugs. The left lingual artery was also cannulated so that a 0.5-ml saline bolus could be intermittently injected to obtain ce rebrovascular hemodilution curves. The rectal tempera ture was maintained at 37°C with a thermistor-controlled heating pad. After the animal's head was fixed in a ste reotaxic frame, a burr hole was made over the left middle ectosylvian gyrus, the dura was incised, and a quartz cra nial window equipped with silver EEG electrodes and inlet-outlet tubing was placed into the burr hole. The space beneath the cranial window was filled and super fused continuously with artificial cerebrospinal fluid with the following composition (in mM): Na 140, K 2.5, Ca 1.2, Mg 1.2, Cl 130, HC03 14.5, glucose 3.3, N-2-hydroxy ethylpiperazine-N'-2-ethanesulfonic acid 10; pH 7.35 at 37°C. The left MCA was exposed via a modified transor bital approach (O'Brien and Waltz, 1973) . The globe was removed and the bone of the orbit above and around the optic nerve was cleared away with a fine dental drill and forceps. The dura was excised around the optic nerve, exposing the MCA.
Fluorescence measurements
Artificial cerebrospinal fluid containing 7 fLM indo-l acetoxymethyl ester (Molecular Probes, Eugene, OR, U.S.A.) at a temperature of 37°C was superfused over the cortical surface for 2 h. The membrane-permeant indo-l 1992 acetoxymethyl ester diffuses into the brain tissues and is hydrolyzed by the action of cytoplasmic esterase in neu rons, glia, and endothelial cells to the membrane impermeant indo-I, which is trapped in the cells as a spe cific indicator for Ca2 + . Following loading, the remaining extracellular dye was washed out by superfusion for 30 min with indo-l free fluid. Previous studies have shown that the dye penetrates -0.5-0.7 mm into the tissue (Uematsu et aI., 1988) .
A 100-W mercury arc lamp (Osram, West Germany) with a stabilized direct current power supply (Ludl Elec tric Products, Scarsdale, NY, U.S.A.) was utilized as a light source. Ultraviolet excitation light (340112 nm) was focused on the small cortical area, and indo-l-Ca2+ flu orescence (400 and 506 nm), NADH fluorescence (464 nm, an isosbestic point of the indo-l spectra), and ultra violet reflection (340 nm) were selectively transmitted through a four-way quartz fiber bundle to four photomul tipliers (RI104; Hamamatsu, Japan) with appropriate bar rier filters.
The ultraviolet reflectance is inversely related to local cortical blood volume (LCBV) (Harbig et aI., 1976) . Lin gual artery saline flushes permitted the measurement of vascular transit time, which, along with changes in local blood volume obtained from the reflectance signal, en abled changes in local blood flow to be calculated (Eke et aI., 1979) . The indo-l-Ca2+ signals and the NADH signals were corrected for the changes in LCBV based on the cerebrocortical hemodilution curves as described previ ously (Harbig et aI., 1976) . The indo-l-Ca2+ signals were also corrected for the changes due to NADH fluorescence based on the relative contribution of NADH fluorescence to each Ca2+ signal (Uematsu et aI., 1988) .
The basal indo-l-Ca2 + fluorescence level in the cortical area was determined by subtracting the preloading auto fluorescence level from the fluorescence level reached after indo-l loading. Following the correction for hemo dynamic and NADH changes, the two signals, one at 400 nm and one at 506 nm, are proportional only to changes in intracellular free calcium. The signal centered at 400 nm increases with increases in calcium concentration, while the signal at 506 nm decreases with increases in calcium. A ratio was formed (400-nm signaU506-nm signal) that minimizes the effect of photobleaching and leakage of the indicator (U ematsu et aI., 1988) . Each channel was cali brated with an electronically generated constant signal. All optical signals, blood pressure, and EEG were re corded on a seven-channel polygraph (model 7D; Grass Instruments Co., Quincy, MA, U.S.A.).
Experimental protocol
Following the indo-l loading procedure, the exposed left MCA trunk was occluded with a miniature Mayfield clip. Only cats in which the EEG amplitude was de pressed to < 10% of control from 10 to 60 min after oc clusion were entered into the study. After 1 h of occlu sion, the clip was removed and the fluorescence was monitored for the first 30 min of reperfusion. To minimize the photobleaching of indo-I-Ca2+ fluorescence, the op tical signals were measured intermittently for 5 s every 5-10 min.
Bovine kidney SOD [75,000 Ulml dissolved in 3.8 mM (NH4hS04 (pH 7.0); Sigma Co., St. Louis, MO, U.S.A.] was dissolved in saline immediately before administra tion. In six cats SOD (10,000 Ulkg, 5 m!) was slowly infused via the femoral vein starting 2 min prior to release of the occlusion and continuing for 4 min, while in six cats the vehicle [3.8 mM (NH4hS04 (pH 7.0) dissolved in sa line] was administered in an equivalent manner.
After 3 h of reperfusion, the animals were killed by an overdose of pentobarbital (150 mg/kg) and brains were rapidly removed and immersion fixed in 10% formalin. Whole-brain coronal sections were cut at two levels, 3 mm apart at the level of the anterior and posterior ecto sylvian gyrus, the region from which changes in [Ca2+]i' redox state, and LCBF were measured during ischemia and reperfusion. Sections were mounted on slides, stained, and coded prior to histopathological analysis. The slides were examined by light microscopy and the severity of ischemic tissue injury graded according to the following scale: grade 1, mild nuclear pyknosis in some neurons; grade 2, majority of neurons pyknotic and shrunken with pericellular edema and disruption of the neuropil; grade 3, necrosis of neurons and glia with edema and necrosis of neuropil. An outline of the region of injury demonstrating a severity of grade 2 or 3 was marked on the stained sections. The area of injury and that of the entire hemisphere coronal section were deter mined using a video image analysis system. The percent age of hemispheric coronal section demonstrating grade 2 or 3 ischemic injury was then calculated. The code was then broken for comparison between the SOD-treated and vehicle-treated groups.
The two groups were compared using multivariate anal ysis of variance. If significance was attained, probing tests at individual times were undertaken using Student's two-tailed t test or Scheffe's test. The results were con sidered statistically significant if the probability value was <0.05. All values are expressed as means ± SD.
RESULTS
Physiological parameters
Data on MABP, arterial blood gas analyses, and plasma glucose concentrations are summarized in Table I . There were no significant differences in physiological parameters between the two groups.
Changes in mean EEG amplitude
The EEG amplitude from the occluded side was markedly reduced following MCA occlusion and re mained below 10% of the control level in both groups until the end of the occlusion (Fig. 1) . The mean EEG amplitudes of the SOD-treated group and the vehicle group were 6 ± 4 and 7 ± 3% of control at 30 min and 7 ± 4 and 5 ± 1 % of control at 60 min after MCA occlusion. During reperfusion no recovery of EEG amplitude was observed in ei ther group and no significant differences were noted at any time. The mean EEG amplitudes of the SOD treated group and the vehicle group 30 min after reopening were 7 ± 3 and 7 ± 3% of control, re spectively.
Changes in cytosolic free calcium
In both groups, the Ca2+ signal ratio started to increase after MCA occlusion and remained simi larly elevated throughout the ischemia (Fig. 2) . The Ca2 + signal ratio 30 min following MCA occlusion was 2.64 ± 1.07 in the SOD-treated group and 2.42 ± 0.53 in the untreated group. By the end of the occlusion, just prior to treatment, the Ca2+ signal ratio of the SOD-treated group was 2.54 ± 1.15 while this ratio was 2.86 ± 0.89 in the vehicle group. During reperfusion, the Ca2+ signal ratio in the SOD-treated group decreased to a level slightly above the control level (1.60 ± 0.53 at 20 and 1.54 ± 0.65 at 30 min after reopening), while the Ca2+ sig nal ratio in the vehicle group remained elevated (3.07 ± 0.65 and 3. 14 ± 0.65 at 20 and 30 min after reopening). The difference between the SOD treated group and the vehicle group was statistically significant (p < 0.01).
Changes in NAD/NADH redox state
The NAD/NADH redox state became reduced very soon after MCA occlusion in both groups, fol lowed by a gradual return to the control level during occlusion ( Fig. 3 ). During reperfusion, both groups exhibited an oxidation with no statistically signifi cant differences observed between them.
Changes in LCBV
In both groups, LCBV' decreased gradually dur ing MCA occlusion and then recovered toward the control level during reperfusion (Fig. 4a ). Thirty minutes after occlusion LCBV was 71.4 ± 10.5% of Time (min) control in the SOD-treated group and 80.4 ± 18.5% in the vehicle group, while by the end of the occlu sion LCBV was 66.6 ± 12.2% in the SOD-treated group and 64.8 ± 26.4% in the vehicle group.
Changes in LCBF
In both groups, LCBF decreased dramatically af ter MCA occlusion, with no significant differences seen throughout the ischemic period (Fig. 4b) .
Thirty minutes after MCA occlusion, LCBF de creased to 22.0 ± 16.2 and 20.6 ± 16.1% of control signal ratio during middle cerebral artery (MCA) occlusion and reperfusion in cats. The [Ca 2 +1i signal ratio started to increase after MCA occlusion and remained elevated throughout the ischemia, with no significant difference between vehicle-treated (0; n = 6) and superoxide dismutase (SOD)-treated (e; n = 6) groups. During reperfusion, the [Ca 2 +1i signal ratio remained at a high level in the vehicle-treated group, while in the SOD-treated group, this ratio decreased to a level slightly above the control level. Signifi cant differences (*p < 0.01) were found be tween the two groups at 10, 20, and 30 min after reperfusion. Values are means ± stan dard deviation of the mean. in the SOD-treated and vehicle groups, respec tively. During reperfusion the vehicle-treated group showed a slight hypoperfusion compared with the SOD-treated group, but the difference between the groups was not statistically significant.
Histopathological changes
Histopathological changes were confined prima rily to cortex and striatum in both experimental and control groups. Patchy grade 1 changes could be seen in isolated regions of the hemisphere not nec- .... .. .. ..
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A.U., arbitrary unit. 0 « -80 Z essarily adjacent to regions of more severe injury. Regions with grade 2 and 3 injury were nearly al ways contiguous and usually confluent, making it virtually impossible to separately quantitate those regions with exclusively types 2 and 3 ischemic in jury. These histological changes (Fig. 5a ) were readily distinguishable from those in uninjured re gions (Fig. 5b) . The normalized area of injury in the SOD-treated group (25.5 ± 5.0%) was significantly smaller than in the vehicle-treated controls (43.5 ± 9.6%; p < 0.01) (Fig. 6 ).
DISCUSSION
The major finding of the present study was that the cytosolic free calcium in the SOD-treated ani mals exhibited significantly better recovery during the reperfusion period than in the animals given the vehicle only. In addition, the extent of focal damage was significantly reduced by treatment with SOD, correlating well with the better recovery of [Ca2+]i in the treated animals.
The beneficial effect of SOD in ischemia follow ing reperfusion has been demonstrated in cardiac ischemia studies (Werns et al., 1985; Ambrosio et aI., 1986) . By analyzing infarct size, Werns et al. (1985) showed that SOD alone could reduce the ex tent of myocardial injury by 50%, a reduction com parable with that obtained with a combination treat ment consisting of SOD, which enzymatically scav enges superoxide radicals by dismutation to hydrogen peroxide, and catalase, which is an en dogenous scavenger of hydrogen peroxide. Another (min) study, using isolated perfused rabbit heart sub jected to global ischemia, showed that SOD treat ment at the time of reperfusion led to a significantly higher phosphocreatine content and a greater im provement in ventricular function than in untreated hearts (Ambrosio et aI., 1987) . The effect of SOD on both cerebral and spinal cord ischemia has been observed in several studies. In a model of reperfusion injury following spinal cord ischemia in the dog, SOD treatment prior to reperfusion produced an improvement in the recov ery of neurological function (Lim et al., 1986) . Meyer et aL (1987) showed that SOD treatment led to stabilization in both intracellular brain pH and CBF during occlusion of the MCA in rabbits. In a global ischemia model produced by cardiopulmo nary resuscitation following cardiac arrest, SOD was found to improve both CBF and sensory evoked potentials (Cerchiari et al., 1987) . Recently, Liu et aL (1989) investigated the effect of intrave nous administration of both polyethylene glycol conjugated SOD (10,000 U/kg) and catalase (10,000 u/kg) on the infarct volume in a rat model of MCA and bilateral common carotid occlusion. They found a reduction in infarct volume of �25% in the treated animals. The dose of SOD used in our cat study was chosen to be equivalent to that used by Liu et aL (1989) since this dose was found to reduce infarct volume in their model of focal ischemia. Forsman et al. (1988) , however, found that both SOD and catalase provided no therapeutic benefit in neurological outcome over the first 48 h following 10 min of complete ischemia in the dog, suggesting clusion and reperfusion. A: In both vehi cle-treated (0; n = 6) and superoxide dis mutase (SOD)-treated (e; n = 6) groups, LCBV decreased gradually during MCA occlusion and then recovered during reperfusion with no significant difference in the changes in LCBV between the two groups observed. B: LCBF decreased dramatically after occlusion, with no sig nificant differences seen throughout the ischemia between the two groups. During reperfusion, the vehicle-treated group showed a slight hypoperfusion compared with the SOD-treated group, but the dif ferences between the two groups were not statistically significant. Values are means ± standard deviation of the mean. Time (min) that free radical damage is not always related to cerebral ischemia. It could be, as suggested by Siesjo et al. (1989) , that free radical damage occurs only under certain circumstances, i.e., when blood flow is reduced to below a threshold for a sufficient length of time and yet is not so low as to exclude oxygen availability. Alternatively, evaluation of neurological outcome may not be a sensitive enough parameter to permit the examination of the effects of SOD treatment.
In the present study, the cytosolic free calcium in the SOD-treated animals showed a better recovery during the reperfusion phase than in the untreated animals. This suggests that the mechanism required for the recovery of cytosolic free calcium might be disturbed by the free radicals that are produced dur- ing the reperfusion period. Hirosumi et al. (1988) demonstrated that reactive oxygen made by xan thine with xanthine oxidase increased cytosolic free calcium in a cultured endothelial cell preparation and that the increase in [Ca2+]j was suppressed by pretreatment with SOD. In a rat liver ischemia reperfusion model, Romani et al. (1988) found that there was no decrease in blood calcium levels dur ing the early phase of reperfusion in animals treated with SOD, whereas in untreated animals blood cal cium decreased. If we speculate that the calcium in the outflow from the ischemic liver reflects the cal cium uptake by the cells, then the decrease in blood calcium in the untreated animals during ischemia indicates an increase in intracellular calcium. Ani mals treated with SOD exhibited no calcium de- crease in the blood, indicating an attenuated cellular calcium uptake. Ischemia-reperfusion studies in skeletal muscle showed that pretreatment with SOD and catalase led to the maintenance of a higher rate of Ca2+ uptake by the sarcoplasmic reticulum of the muscle from the postischemic reperfused limbs than that in untreated muscle (Lee et aI., 1987) . These data all suggest a relationship between calcium me tabolism and free radical production. The precise mechanism responsible for the rela tionship between calcium metabolism and free rad icals is not clear, although three possibilities should be considered. First, free radicals may inactivate the Ca2+ -ATPase and thus inhibit a major compo nent of the cellular calcium transport system. It has been shown that activated oxygen can produce a decrease in Ca2+ -ATPase in the erythrocyte (Heb bel et aI., 1986) as well as in the cardiac sarcoplas mic reticulum (Kukreja et aI., 1988; Kaneko et aI., 1989) . Second, free radicals may inhibit the Na + -Ca2+ exchange system, which, in the cardiac sar colemmal membrane, has been shown to be influ enced by free radicals (Reeves et aI., 1986) . A third possibility for the link between calcium metabolism and oxygen radicals concerns the role of Na + , K + -ATPase. Kim and Akera (1987) have suggested that oxygen radicals play a crucial role in the injury of sarcolemmal N a + , K + -ATPase during reperfusion of ischemic cardiac tissue. If the Na + pump is dis turbed, intracellular Na + will increase, leading to depolarization. Once depolarization occurs, the electrogenic 3Na + ICa2+ antiporter may be re versed (Siesjo and Bengtsson, 1989 ; Siesjo et aI., 1989), voltage-sensitive calcium channels will open, and the cytosolic free calcium will increase.
In our study, the SOD-treated animals showed a recovery, although incomplete, of [Ca2+]i' This suggests that the Ca2+ pump and the 3Na + ICa2+ antiporter system may function during the reperfu sion period in the treated animals. When these mechanisms are disrupted by the formation of oxy gen free radicals, cytosolic free calcium will remain elevated, causing a variety of reactions including activation of arachidonate metabolism. These sub stances will in turn lead to an increase in free rad icals, thereby setting up a vicious cycle, ultimately producing irreversible cell damage.
Although the [Ca2+]i signal ratio showed a better recovery in the treated 'animals, there was not any difference in the NAD/NADH redox state between the two groups. The reason why redox state was unaffected by SOD treatment is not clear. It should be noted, however, that the NAD/NADH signal originates in the mitochondria, whereas the [Ca2+]i signal reflects mainly cytosolic calcium. We noted a similar discrepancy between the [Ca2+]i signal ratio and the NAD/NADH redox state in a study exam ining the effects of a calcium channel blocker in stroke (Uematsu et aI., 1989) . The reason why EEG was not affected by SOD treatment is not clear.
The use of free SOD, such as used in our studies, has two major disadvantages (Siesjo et aI., 1989) . First, the half-life of SOD in vivo is < 10 min (Tur rens et aI., 1984) . This short half-life can be in creased to -40 h by covalent conjugation to poly ethylene glycol (Beckman et aI., 1988) . In addition, free SOD penetrates poorly into cell membranes, which can be significantly improved by entrapping the SOD in liposomes (Turrens et aI., 1984; Free man et aI., 1985) . Chan et al. (1987) have demon strated the protective effect of liposome-entrapped SOD on brain edema induced by cold injury, and Yusa et al. (1984) have shown that the onset of sei zures induced by oxygen radicals is delayed by the administration of liposome-entrapped SOD. In our studies, the SOD infusion started 2 min prior to release of the clip and continued until 2 min after the start of reperfusion, indicating that SOD might work well during the early part of the reperfusion period. This suggests that the most crucial produc tion of free radicals may occur soon after the start of reperfusion.
Although we have not attempted to measure any alterations in the blood-brain barrier subsequent to the ischemia and reperfusion, the data in the liter ature indicate that it is not disrupted minutes into reperfusion after 1 h of MCA occlusion (Olsson et aI., 1971; Kamijyo et aI., 1977; Shigeno et aI., 1985) . This would suggest that the penetration of free SOD through the blood-brain barrier is not an important factor in our experiments. A number of studies have shown that the most important source for the pro duction of free radicals is the interaction between leukocytes and endothelial cells (Suematsu et aI., 1989; Suzuki et aI., 1989; Lucchesi, 1990) . These studies suggest that superoxide is an important me diator of the leukocyte-endothelial cell interactions observed after reperfusion of ischemic tissues. The neutrophils have been implicated as an important source of oxygen radicals in the microvasculature (Romson et aI., 1983; Hernandez et aI., 1987) . If the SOD administered in this study cannot penetrate into the brain tissue (which would occur if the blood-brain barrier were intact), then our data sug gest that the oxygen radicals produced by the neu trophils play a significant role in reperfusion injury.
The use of polyethylene glycol-conjugated SOD, with its longer half-life, may be important clinically since the time of reperfusion is not known. The present study has indicated, however, that the ad ministration of SOD during the early reperfusion phase following cerebral ischemia may be benefi cial.
